Abstract Solar photovoltaic energy sources are rapidly gaining potential growth and popularity compared to conventional fossil fuel sources. This work presents a photovoltaic system laboratory experiment developed for engineering students to emphasize the need for enhanced renewable energy education. The experiment exposes students to photovoltaic system components, working principles, and maximum power operating point. It is designed to complement a renewable energy course. Results along with animation from the hands-on experiment are presented in this study.
Introduction
There is an exponential increase in worldwide photovoltaic (PV) systems and renewable energy recently. 1 Integrating renewable energy courses with electrical engineering education programs is becoming a necessity as the world attempts to move to the usage of clean and low-carbon energy. As the fossil fuel sources are being replaced with sustainable energy, a critical shortage in workforce training and education has been identified, that is, there is a lack of well-trained, highly skilled electric power sector workers who are vital for maintaining and deploying a national clean energy source. 2 This work is motivated by the major need of not only enlightening students who will work in future renewable energy areas but also helping professionals in dealing with new technologies. This paper develops a PV system experiment to be used as a complement to course lectures. The course is on renewable energy sources for interested engineering students. The purpose of the experiment is to demonstrate the operating point of a PV module when connected to a load. The operating point is seldom maximum power point (MPP); hence, the need for power converter to adjust the energy flows from the PV module to the load.
Several papers [3] [4] [5] discussed the obligation to improve the students' satisfaction with teaching methods and laboratory hands-on experiments. Likewise, the government in Kuwait has committed itself to an educational reform and drew up a renewable energy strategy.
This culminated when Kuwait pledged in the UN Climate Change Conference a renewable energy target of 5% by 2020 and 15% by 2030. 6 Furthermore, major accreditation agencies for engineering education such as Accreditation Board for Engineering and Technology USA and Quality Assurance Agency UK, include laboratory abilities/skills as part of engineering teaching and learning outcomes required for the engineering courses.
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Background
The equivalent circuit of a PV cell appears to the left terminal of (a) and (b) in Figure 1 . The performance of a PV cell/module can be described in terms of its voltage and current output. The electrical power is the product of these two variables. The current source is used to represent the incident solar irradiance and the diode in order to characterize the polarization phenomena. The parasitic resistances R p and R s are to account for the cell's power loss. PV cells can be considered as a constant current source as well as a voltage source, which makes it a non-linear device. 8 The typical current and voltage output characteristic of a PV cell are shown in Figure 2 . Depending on the movement of the operating point along the curve, the current and voltage can be changed electrically to the desired value.
When the current is zero (no load), the voltage is called the open-circuit voltage V OC . As the current increases due to a decreasing load resistance, the voltage decreases slightly up to the MPP which occurs at the knee of the I-V curve. At MPP, the voltage is called V MP and the current is called I MP . Next, the voltage drops significantly with a slight increase in current, where the current is approaching a load resistance of zero (short-circuit). The voltage is zero in this case and the current is called short-circuit current I SC .
The P-V curve is complementary to the I-V curve. The power available from a PV cell at any operating point along the I-V curve is the product of current and voltage at that point and is expressed in watts. To operate at any particular operating point of the I-V curve, one needs to connect the necessary load resistance to the PV device. Generally, when PV system is connected directly to a DC load that needs power, the PV system must be oversized to guarantee sufficient power supply. This obviously leads to oversized and expensive PV system. Thus, it is necessary to operate the PV system at its MPP continuously for optimal operation. To appreciate this point, a power converter (power conditioning and control) is needed to adjust the energy flow from the PV to the load or battery. This type of power conditioning and control is called maximum power point tracking (MPPT). Figure 3 illustrates that the operating point of a PV cell/module is defined by the I-V generation and load curve intersection. 9 When PV module is supplying a resistive load, the load curve is accomplished by the Ohm's Law in accordance with
Since an individual PV cell produces only about 0.5 V, it is a rare application for which a single cell is of any use. 10 A typical module has 36 cells in series. Several modules can be wired in series in order to increase voltage and in parallel to increase current, ultimately the product of which is power. Depending on the application that is used, the PV system is designed to deliver whatever energy is needed. The combinations of modules are called an "array" (see Figure 4) . The performance of a PV system is normally evaluated under the standard test conditions (STC), where an average solar spectrum (air mass) at AM1.5 is used, the irradiance (solar intensity) is normalized to 1000 W/m 2 , and the cell temperature is defined as 25 C. 11 Special equipment for testing is needed to guarantee the requirement of temperature and irradiance in the STC. Under real-world operating conditions that involve varying irradiances as well as significant temperature changes, all commercial modules behave quite differently according to the location, time of the day, and season of the year. 12 The PV conversion efficiency is maximum when the PV module operates on the MPP all the time. Yet, the operating point is strongly affected by irradiance and temperature levels. PV systems, generally, perform the best on normal, clear days rather than hot days.
It is documented 10 that I sc is directly proportional to the solar irradiance. Cutting the irradiance in half, for instance, leads to a drop in I sc by half. As indicated in Figure 5 , decreasing irradiance also reduces V oc , but it does so following a logarithmic relationship that results in a relatively modest change of V oc . High operating temperatures significantly reduce the voltage output. On the other hand, the current increases with the temperature, but only slightly, so the net result is a decrease in power and efficiency. 13 If the modules are exposed to high temperatures for a long time, this may lead to an early degradation of the module encapsulation.
Since the load is defined by the user, modifying the load curve in accordance with changes in temperature and irradiance is clearly not a suitable solution. Hence, a DC converter is commonly interposed between the PV module and the load to control the converter duty cycle, frequently referred to as MPPT as shown in Figure 6 . 
Apparatus and experimental methods
The configuration shown in Figure 7 is utilized to demonstrate the performance of a PV module supplying a resistive load. The selected PV module is the multicrystalline SLPO50-12 with the electrical characteristics shown in Table 1 . In the hardware arrangement diagram, the PV source used in the experiment is the Agilent E4360 Modular Solar Array Simulator. The resistive load is MV 1100 load resistor that contains three ganged resistors with continuous spindle regulation. The resistors are connected to terminals for 3-ph, single-phase or DC voltage. The current in the resistor is limited by tabular wire fuses in each phase. The unit has handles and wheels for simple and quick movement and enclosed in a perforated metal cabinet. A cooling fan is placed in the bottom of the resistor. In Figure 8 , students are encouraged to use MATLAB to pre-identify a plot of the PV module current versus the voltage (power is the product of current times voltage). Simple MATLAB script should generate the content of Figure 8 . Figure 9 depicts the laboratory experimental setup.
Results and discussion
The PV module (SLPO50-12) electrical characteristics given in Table 1 were entered into the Modular Solar Array Simulator. This is indicated in Figure 10 . The characteristics are fed through the PC to the solar simulator. By providing the parameters, the simulator was able to establish a curve representing the PV module output. At this moment, the operating point could be anywhere in the IV curve. Once the solar simulator was in operation, the operating point was on the left of the MPP, where the PV module acts as a current source. The digital multimeter read a load resistance value of 2.46 X (see Figure 11 ).
Modular PV Array Simulators
Voltage and Current Measurements R L Figure 7 . Diagram for the hardware arrangement. PV: photovoltaic. resistances are recorded in Table 2 . The formula used for the percent error calculation is
Figures 11 to 15 illustrate the results obtained from the modular solar array simulator ranging from R L minimum close to I sc , to R L maximum close to V oc . Figure 16 shows an animation used as a trending tool for teachers, an emerging technology for creative teaching and learning.
Conclusions
A hands-on experiment on PV system was found to be a valuable asset to a renewable energy course. Students were able to test themselves the movement of the operating point of a PV module along the well-known I-V curve for any PV device. The experiment provided the students with useful skills for dealing with PV system basic background and helped in interacting with tangible PV components. The results presented realistic values that can be used to design and analyze larger system size. An animation of the results was added to enrich creative tools for teaching and learning. Future work could involve engaging the student with developing tracking algorithm to search for the MPP using DC converter.
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